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Introduction
One of the primary functions of the mammalian testis is to produce spermatozoa via spermatogenesis, which takes place in the seminiferous epithelium of seminiferous tubules composed of Sertoli cells and developing germ cells, and is under the influence of LH, FSH, testosterone and estrogen. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In the seminiferous tubules, a unique ultrastructure known as the blood-testis barrier (BTB), which is created by coexisting tight junctions (TJ), basal ectoplasmic specializations (basal ES), desmosomes and the actin-based cytoskeleton plays a critical role in the seminiferous epithelium during spermatogenesis by conferring cell shape, adhesion, structural support and cell polarity to both Sertoli and developing germ cells, which are essential for spermatogonial stem cell renewal, maintenance of the stem cell niche, cell cycle progression, mitosis, meiosis, spermiogenesis and spermiation. However, few functional studies are found in the literature, which explore the functional significance of actin dynamics in these events. this by and large is due to a lack of information on the proteins that regulate actin dynamics. Herein, we report drebrin e is an integrated component of the apical ectoplasmic specialization (apical eS) and the basal eS at the blood-testis barrier (BtB) in the seminiferous epithelium of the adult rat testis. Using immunohistochemistry and dual-labeled immunofluorescence analysis, drebrin e was found to display a stage-specific localization at the apical eS, as well as at the basal eS at the BtB during the seminiferous epithelial cycle of spermatogenesis. Drebrin e was first detected in stage V tubules at the basal eS with the highest expression at the BtB at stages V and VI, but it diminished considerably by stages VII and VIII and was almost non-detectable until stage IV. At the apical eS, drebrin e was also first detected at stage V, surrounding the entire head of the elongating spermatid, but by stage VI its localization had "shifted" to localize most intensely and almost exclusively to the concave side of the spermatid head. In stage VII tubules, drebrin e co-localized with actin, as well as with two other actin regulatory proteins eps8 (epidermal growth factor receptor pathway substrate 8, an actin capping and bundling protein) and Arp3 (actin-related protein 3, a component of the Arp2/3 complex known to regulate actin nucleation and branching). the localization of drebrin e at the apical eS was compromised following treatment of rats with adjudin, which is known to exert its destructive effects primarily at the apical eS by inducing premature loss of elongating/elongated spermatids from the epithelium, mimicking "spermiation." Instead of being restricted to the concave side of spermatid heads, drebrin e was found to be mis-localized in the seminiferous epithelium of adjudin-treated rats; it was also present on the convex side of elongating spermatids, but these cells were mis-oriented so that their heads no longer pointed toward the basement membrane. the expression of drebrin e by Sertoli cells was also found to be modulated by tGFβ3 and tNFα. Since Arp3, but not eps8, was found to bind drebrin e; and cytokines were also shown to affect the cellular distribution of drebrin e and enhance the interaction between drebrin e and Arp3, these findings illustrate that cytokines may regulate BtB dynamics during the epithelial cycle by recruiting drebrin e and Arp3 to the BtB microenvironment to induce changes in the configuration of actin filament bundles at the basal eS. In summary, these findings illustrate drebrin e is working in concert with Arp3 to regulate actin filament bundles at both the apical and the basal eS in the testis, conferring adhesion and cell polarity at both sites during spermatogenesis.
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drebrin does not possess any intrinsic activity to regulate actin dynamics per se, it appears to regulate actin filament bundles at the ES by interacting (or competing) with other F-actin regulatory proteins that are either directly or indirectly involved in actin polymerization/depolymerization. For instance, in neuronal cells, drebrin A has been correlated with changes in cell shape and actin plasticity, and thus has been implicated in regulation of actin dynamics. 26, 32 Herein, we report findings on the role of drebrin E in actin dynamics in the testis using different in vivo and in vitro study models. We also demonstrate herein that Arp3 is a binding partner of drebrin E in the testis and that the interaction of Arp3 with drebrin E is under the influence of cytokines (e.g., TNFα, TGFβ3) which, in turn, affect the actin filament network in Sertoli cells at the BTB. This is the subject of the present report.
Results
Stage-specific expression and localization of drebrin E at the BTB and apical ES during the seminiferous epithelial cycle of spermatogenesis. While drebrin A and E isoforms were both detected in the brain by immunoblotting, only drebrin E was found in the testis by immunoblot analysis (Fig. 1A) . Drebrin E was also preferentially expressed by Sertoli cells vs. germ cells (Fig. 1) . The specificity of this anti-drebrin antibody (see Table 1 ) was confirmed by immunoblotting using Sertoli cell lysates as shown in Figure 1B . This antibody was subsequently used for immunohistochemistry (Fig. 1C) and immunofluorescence microscopy ( Fig. 1D) , illustrating the staining shown in Figure 1C and D was specific for drebrin E. Besides its cell type-dependent expression in the testis, its localization in the seminiferous epithelium was dependent on the stage of the epithelial cycle when immunoreactive drebrin E in the epithelium was visualized (Fig. 1C and D) . Immunoreactive drebrin E was detected at the BTB and at the apical ES in the seminiferous epithelium in adult rat testes. Drebrin E was found at the apical ES surrounding the entire head of elongating spermatids beginning at stages IV and V ( Fig. 1C and D) . It localized more intensely to the concave side of the spermatid head at stage VI and became highly expressed at this same site at stage VII, but diminished considerably at stage VIII ( Fig. 1C and D) . The concave side of the spermatid head is the site of the apical ES where extensive endocytic vesicle-mediated protein trafficking occurs beginning at late stage VII to allow the apical ES to undergo disruption, thereby preparing spermatids for their eventual release at spermiation. 1, 13, 33 Interestingly, drebrin E was also highly expressed at the BTB at stages IV and V of the epithelial cycle by immunohistochemistry (Fig. 1C) or immunofluorescence microscopy ( Fig. 1D) , but it diminished considerably at stages VII-VIII, apparently to prepare the BTB for its restructuring at stage VIII to facilitate the transit of preleptotene spermatocytes across the barrier. Interestingly, the expression of drebrin E was even lower at stages XII-XIV. In short, at stage VIII, when spermiation and BTB restructuring occur, drebrin E expression was considerably reduced at both sites, coinciding with the disruption of actin filament bundles at the basal and apical ES.
arising during meiosis, spermiogenesis and spermiation can be sequestered from the host's immune system to avoid the production of anti-sperm antibodies. 2, 12 It is known that preleptotene/leptotene spermatocytes connected by cytoplasmic bridges to form clones are in transit at the BTB at stage VIII of the seminiferous epithelial cycle and enter the apical compartment while differentiating into zygotene spermatocytes to prepare for diakinesis, to be followed by meiosis I and II. During spermiogenesis, developing spermatids continue their journey across the remaining seminiferous epithelium by first moving upward and toward (at stages I-III) the tubule lumen, and then back downward and toward the BTB (at stages IV and V) near the basement membrane, before moving toward the adluminal edge of tubule lumen again (at stages VI and VII) prior to their release at stage VIII (i.e., spermiation). [13] [14] [15] Thus, it is conceivable that there is extensive junction restructuring taking place at the cellcell interface, involving constant remodeling of the cytoskeleton to facilitate these events. [16] [17] [18] Interestingly, the basal ES which is found at the Sertoli-Sertoli cell interface at the site of the BTB and the apical ES which is restricted to the Sertoli cellspermatid (from step 8-19 spermatids in rats) interface, share similar ultrastructural features, that is, actin filament bundles sandwiched in between cisternae of endoplasmic reticulum and the apposing Sertoli cell or Sertoli cell-spermatid plasma membranes. 1, 16, 18 Earlier studies have shown that these actin filament (F-actin) bundles are maintained by actin bundling and capping proteins [e.g., epidermal growth factor receptor pathway substrate 8 (Eps8)], 19 and actin nucleation proteins [e.g., actinrelated protein 3 (Arp3) of the Arp2/3 complex]. 20 Interestingly, these actin-associated proteins are also known to participate in endocytic vesicle-mediated trafficking at the cell-cell interface to "stabilize" or "de-stabilize" cell adhesion protein complexes, facilitating spermatid movement. 15, 16 In this study, we have examined the potential role of an actin binding protein (also known as microfilament-associated protein), drebrin (developmentally regulated brain protein), 21, 22 in junction dynamics during spermatogenesis. To date, three isoforms of drebrin have been identified, which are members of the ADF-H (actin depolymerizing factor homology) domain family of actin-binding proteins. 23 They were initially identified in chicken as neuronal drebrin isoforms A (adult) and E1 and E2 (embryonic). 24, 25 In rats, two isoforms of drebrin are presently known to exist, which include the adult neuronal cell-specific drebrin A restricted to brain and the embryonic isoform drebrin E, which is a splice variant of drebrin A; 26 whereas drebrins 1a and 1b and drebrins A, A2 and E2 are found in humans and mice, respectively. 25 While drebrin A is adult brain-specific, drebrin E has been detected in multiple organs including the stomach, kidney and testis, but not in cardiac or skeletal muscles. 27, 28 Despite the presence of an ADF-H domain in drebrin and the fact that it binds F-actin with high affinity in vitro, drebrin has not been found to possess any F-actin severing, bundling, capping and/ or nucleating activity. 21, [29] [30] [31] However, drebrin can compete with α-actinin, fascin and tropomyosin for binding to F-actin, 21, 24, 27 and drebrin E was shown to inhibit the actin-crosslinking, as well as the actin-binding activity, of α-actinin. 24 Thus, even though ©2 0 1 1 L a n d e s B i o s c i e n c e .
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the apical ES; instead, it surrounded the entire spermatid head (Fig. 2) so that F-actin surrounded the entire apical ES, but drebrin E displayed a more restricted temporal and spatial expression at the apical ES, depending on the stage of the epithelial cycle. In short, drebrin E was more abundant at specific site at the apical ES namely the concave side of the apical ES, which is also the site where the cascade of endocytic vesicle-mediated protein trafficking events initiates, beginning at stage VII of the epithelial cycle. Interestingly, drebrin E, together with Eps8 and Arp3, were all temporally and spatially expressed, and restricted to the concave side of elongating spermatids in stages VII-VIII tubules, while F-actin was found to surround the entire elongating/elongated spermatid head at the apical ES. At stage VIII, the disruption of the F-actin network surrounding elongated spermatid heads to prepare for spermatid release coincided with a decrease in the expression of drebrin E, Eps8 and Arp3. These findings suggest that drebrin E may be working with other actin regulators such as Eps8 and Arp3 to regulate apical ES restructuring and to facilitate spermatid movement, orientation and spermiation.
Co-localization of drebrin E with the F-actin network and its regulators. Since drebrin E is an actin binding protein, 22, 26 its localization was compared with that of F-actin and two actin regulators, Eps8 (an actin bundling and capping protein) and Arp3 (an actin nucleation regulator) (Fig. 2) . At stage V of the seminiferous epithelial cycle, drebrin E expression in the seminiferous epithelium near the basement membrane, consistent with its localization at the BTB, was relatively high (see also Fig.  1C and D) . Drebrin E was found to co-localize with F-actin in the epithelium near the basement membrane, consistent with its localization at the site of the BTB (Fig. 2) . However, drebrin E also co-localized with F-actin at the apical ES, surrounding almost the entire head of elongating spermatids in stage V tubules (Fig. 2) . The localization of drebrin E at the apical ES, however, shifted mostly to the concave side of the spermatid head in stage VII tubules and became considerably diminished at stage VIII. However, it remained restricted to the concave side of the apical ES at stages VII and VIII (Fig. 2) . On the other hand, F-actin was found not only at the concave side of Figure 1 . Drebrin e is expressed stage-specifically in the seminiferous epithelium of adult rat testes. (A) Using immunoblot analysis with ~50 μg total protein per sample, only the drebrin e isoform was found to be expressed in the testis while both drebrin A and e isoforms were detected in brain lysate. Drebrin e was predominantly expressed by Sertoli cells (SC) in the seminiferous tubule and virtually no drebrin e was found in total germ cells (GC) isolated from adult rat testes. Actin served as the protein loading control. (B) the specificity of the antidrebrin e antibody was illustrated by immunoblotting using lysates of Sertoli cells (~50 μg protein) since only a prominent immunoreactive band corresponding to the apparent Mr of drebrin e at 110 kDa was detected. these results also support the staining shown in (C and D) was specific for drebrin e. A study using immunohistochemistry (C) and immunofluorescence microscopy (D; drebrin e, red fluorescence; cell nuclei were visualized by DApI in blue, 4',6-diamidino-2-phenylindole, staining) showed that drebrin e localized near the basement membrane in the basal compartment, consistent with its localization at the bloodtestis barrier (BtB), and drebrin e also localized at the apical ectoplasmic specialization (apical eS). the expression of drebrin e at the BtB is most prominent at stage V of the seminiferous cycle using both staining techniques (C and D), which diminished gradually thereafter and was almost non-visible at the BtB by stages VIII-XIV. In (C), the boxed areas enclosed by a "solid-line" rectangle notes an area of the epithelium that was magnified; this is shown in the same micrograph but enclosed within a "broken-line" rectangle. Ctrl illustrates sections that were stained with normal rabbit IgG which was substituted in place of the anti-drebrin e antibody, confirming the reddish-brown immunoreactive drebrin e shown in (C) was specific for drebrin e. Drebrin e was localized at the apical eS, surrounding the entire head of the elongating spermatid at stages IV and V (C). However, the localization of drebrin e shifted and localized predominantly to the concave side of the head of elongating/elongated spermatids at stage VII (see also the magnified images in C), but its level was drastically reduced at stage VIII and these observations were consistent using either immunohistochemistry (C) or immunofluorescence microscopy (D). Roman numerals denote stages of the seminiferous epithelial cycle. Bar = 50 μm in the first micrograph in (C and D), which also applies to the other micrographs; bar = 25 μm in the inset in the first micrograph in (C), which also applies to the other insets in (C). these micrographs are representative results from a single set of experiments, which were repeated at least 3 times using different sets of sections from different rats and similar results were obtained.
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found to be mis-localized (Fig. 3B) . Instead of being restricted to the concave side of the spermatid head, immunoreactive drebrin E was also found on the convex side of spermatid heads (see yellow arrowheads) in rats following treatment with adjudin ( Fig. 3B) . This is important since it suggests that proper localization of drebrin E at the apical ES may be necessary to confer spermatid orientation in the epithelium. Also, it was noted that the expression of drebrin E was considerably diminished at the apical ES in stage VII tubules by 7 h following treatment of adjudin vs. controls ( Fig. 3B) , consistent with the finding shown in Figure  3A . This was also reminiscent of the disruption of the F-actin network and the diminishing drebrin E expression around elongated spermatids at the apical ES during spermiation in stage VIII tubules. Hence, a decline of drebrin E expression at the apical ES is probably associated with its restructuring, preceding the sloughing of spermatids induced by adjudin or the natural sperm release as it occurs in normal rats at spermiation. TNFα and TGFβ3 cause a transient decline in the drebrin E level in primary Sertoli cell cultures. When Sertoli cells were cultured in vitro at low cell density (0.005 x 10 6 cells/cm 2 ), drebrin E and F-actin were also found to co-localize at the cell edge ( Fig. 4A) , validating their co-localization at the cell-cell interface and at cell junctions shown in vivo. Sertoli cells were then cultured at a higher density (at 0.5 x 10 6 cells/cm 2 ) on Matrigelcoated dishes to form a functional TJ permeability barrier with ultrastructural characteristics corresponding to TJs, basal ES and desmosomes that resemble the BTB in vivo. 41, 42 These cells were subjected to cytokine treatment which is known to induce junction restructuring via an increase in endocytic vesicle-mediated protein trafficking. [43] [44] [45] Both TNFα and TGFβ3, at concentrations that were known to induce disruption of the TJ permeability barrier, [46] [47] [48] were shown to induce a transient reduction Adjudin-induced apical ES restructuring causes a reduction of drebrin E that leads to a loss of spermatid polarity/orientation, as well as to premature spermatid release, mimicking "spermiation". Adjudin, a potential male contraceptive under investigation in our laboratory, [34] [35] [36] is known to induce premature loss of germ cells through a disruption of anchoring junctions between Sertoli and germ cells, most notably and initially at the apical ES, to be followed by the desmosome and the GJ at the Sertoli cell-pre-step 8 spermatid interface. 12, 35, 37 A mild but insignificant decline in the steady-state protein level of drebrin E was detected in the testis by 3-, 7-and 11 h post adjudin treatment, which is followed by a statistically significant decline by 1-and 2 d thereafter (Fig. 3A) . Its protein level became virtually undetectable when germ cells were depleted from tubules at 4 d post-adjudin treatment. 38 But since drebrin E was shown to be expressed almost exclusively by Sertoli cells when examined by immunoblotting (see Fig. 1A ), this reduction in drebrin E in the testis by 1-4 d after adjudin treatment reflected mostly the decline of drebrin expression by Sertoli cells since the Sertoli cell number was shown not to be affected by adjudin treatment. 34, 39, 40 These findings also suggest that drebrin E expression by Sertoli cells was dependent on the presence of germ cells.
The two upper parts in Figure 3B represent the expression and co-localization of drebrin E with F-actin in control rat testes, where drebrin was restricted to the concave side of the elongated spermatid heads in stage VI or VII tubules. However, by 7 h after adjudin treatment, mis-oriented elongating spermatids in stage VI-VII or VII tubules were noted (see white arrowheads in Fig.  3B ), and these mis-oriented spermatids were in the process of being detached from the epithelium (Fig. 3B) . Besides a concomitant decline in drebrin E and F-actin at elongating spermatids at these stages following adjudin treatment, drebrin E was also ) / *each antibody used for the studies reported herein cross-reacted with its corresponding protein in rat testis as indicated by the manufacturers. **the drebrin antibodies purchased from these two vendors cross-reacted with both drebrin A and e, but since testes, including Sertoli cells, were found to express only drebrin e (note: germ cells did not express any drebrins) by immunoblotting (see Fig. 1A ), the drebrin antibodies thus detected only drebrin e in our experiments. Abbreviations: IB, immunoblot analysis; IF, immunofluorescence microscopy; IHC, immunohistochemistry; Ip, immunoprecipitation; HRp, horseradish peroxidase.
of drebrin E (Fig. 4B and C) . This decrease in drebrin E subsequently returned to its basal level 24 h after treatment. However, the steady-state level of Arp3 in these same Sertoli cell cultures remained relatively stable, even though Arp3 was shown to bind drebrin E (see Fig. 5 ). These findings show that cytokine-induced disruption of the TJ permeability barrier may be mediated via its action on the actin binding protein drebrin E.
Identification of the binding partner(s) of drebrin E and changes in drebrin E-Arp3 interactions in the Sertoli cell epithelium following TNFα and TGFβ3 treatment. Co-immunoprecipitation (Co-IP) was used to identify the binding partner(s) of drebrin E using Sertoli cells cultured in vitro for 4 d at 0.5 x 10 6 cell/cm 2 . Thus, at the time these cultures were harvested for lysate preparation for Co-IP, the cell epithelium mimicked Sertoli cells in vivo, that is, it contained ultrastructural features corresponding to TJs, basal ES, desmosomes and GJs, and a functional BTB. Interestingly, drebrin E was found to structurally interact with Arp3 (an actin nucleation/branching regulator), but not with Eps8 and other Sertoli cell proteins found at the BTB (Fig. 5A) , illustrating drebrin E is involved in restructuring of actin filaments at the apical and basal ES by conferring actin branching. While cytokines (e.g., TNFα, TGFβ3) were found to transiently inhibit the production of drebrin E by Sertoli cells, a significant increase (by as much as ~2.5-fold) in the association between drebrin E and Arp3 was detected ( Fig.  5B and C) . These findings seemingly suggest that drebrin E, under the influence of cytokines at stage VIII of the seminiferous epithelial cycle, may be recruiting more Arp3 to induce actin nucleation/branching, thereby facilitating junction restructuring at the BTB and at the apical ES to facilitate the transit of preleptotene spermatocytes at the BTB and the release of spermatids near the luminal edge of the apical ES at spermiation.
Redistribution of drebrin E and changes in the F-actin network in the Sertoli cell epithelium following treatment of cells with TNFα and TGFβ3. To further understand the role of drebrin E in maintaining ES function via its effects on the actin network, Sertoli cells cultured at 0.0125 x 10 6 cells/cm 2 were treated with either TNFα (10 ng/ml) or TGFβ3 (3 ng/ml), which are known to perturb Sertoli cell TJ permeability barrier function, 46, 48 and terminated at 4 h and 1 d thereafter to monitor their effects on the F-actin network. In control cells, drebrin E was found to localize to the Sertoli-Sertoli cell interface (see yellow arrowheads in Fig. 6 ) and to co-localize with F-actin. However, following treatment with either cytokine, F-actin became truncated and appeared to be defragmented in many Sertoli cells (see white arrowheads in Fig. 6 ) and the actin network at the cell periphery appeared to "pull" away from the cell-cell contact site (see red arrowheads in Fig. 6 ). These changes in F-actin were found to associate with a redistribution of drebrin E since virtually no drebrin E was found at the Sertoli-Sertoli cell interface following treatment with cytokine, suggesting that such changes in drebrin E redistribution affected the proper distribution of other actin regulatory proteins, such as Arp3. These results illustrate that a functional and/or properly organized F-actin network failed to be maintained within Sertoli cells after cytokine treatment. A study to examine the co-localization of drebrin e with F-actin and two other actin regulatory proteins, eps8 and Arp3, in the seminiferous epithelium of adult rat testes. Drebrin e (red fluorescence) and F-actin (green fluorescence) were found to co-localize in the seminiferous epithelium of adult rat testes (orange-yellow fluorescence; see merged images on the right), consistent with their localization at the BtB, mostly at stage V, and also at the apical eS. Drebrin e was found at the apical eS, surrounding the entire heads of elongating spermatids at stage V, but its localization shifted and localized mostly on the concave side of elongating spermatids at the apical eS in stage VII tubules. Drebrin e also co-localized with two other actin regulators, namely eps8 (green fluorescence) and Arp3 (green fluorescence), which are known to be present at the apical eS at stage VII. When the actin filament network at the apical eS undergoes restructuring at stage VIII of the seminiferous cycle, a considerable decline in the expression of drebrin, eps8 and Arp3 was detected. Cell nuclei were visualized by DApI staining. Bar = 50 μm, which also applies to the other micrographs. these findings are representative results from a single experiment, which was repeated three times using testes from different set of rats. each experiment yielded similar results. Stages of the seminiferous epithelial cycle are denoted as Roman numerals to the left of images.
network based on findings in control Sertoli cell epithelium (Fig. 7 vs. 6) . However, following treatment of the Sertoli cell epithelium with either TNFα or TGFβ3 for 4-h, less drebrin E and Arp3 were found at the cell-cell interface, except that these proteins had internalized "together" (see Fig. 7 ), moving further into cell cytosol to surround the periphery of the nucleus (see the co-localization of Arp3 with drebrin E as visualized by "orange" fluorescence, red arrowheads) (Fig. 7) . Since Arp3 is known to induce actin branching, this cytokine-induced change in Arp3 localization (see Fig. 7 ) (but not its expression/production, see Fig. 4 ) offers an explanation for the truncated and/or Changes in the distribution of drebrin E and Arp3 in the Sertoli cell epithelium following treatment of cells with TNFα and TGFβ3. To further expand the above findings which show that changes in F-actin dynamics are mediated by drebrin E via its interaction with Arp3, the following experiment was performed. Sertoli cells were treated with either TNFα or TGFβ3 for 4-h and changes in protein distribution in Arp3 and drebrin E were monitored by dual-labeled immunofluorescence analysis. It was noted that the distribution of Arp3 and drebrin E at the cell-cell interface (see yellow arrowheads) and in cell cytosol within Sertoli cells is important to maintain a functional F-actin during spermiogenesis, which essentially packs a maximal number of developing spermatids in the seminiferous epithelium. This hypothesis is supported by recent findings which showed clathrin, N-WASP and cortactin to be highly expressed at the concave side of the spermatid head at stage VII and to be involved in endocytic vesicle-mediated trafficking of proteins. 57 This hypothesis is also supported by findings herein which illustrated a mislocalization of drebrin E and a decrease in its steady-state level 7-h after adjudin treatment. In short, drebrin E is probably working in concert with other proteins at the "degenerating" apical ES to prepare for sperm release at spermiation, and once the necessary actin network is "prepared" for spermiation, the expression of drebrin E decreases considerably, similar to the actin bundling protein Eps8. 19 This speculation is also consistent with findings using the adjudin model since a significant decline in drebrin E at the "degenerating" apical ES was detected, thereby allowing immature spermatids to undergo "unwanted spermiation" in non-stage VIII tubules because of F-actin disorganization at the apical ES. This concept is also applicable to BTB restructuring since a transient disappearance in drebrin E was noted at the BTB at stages VII-VIII, similar to its disappearance at the apical ES at stage VIII to facilitate sperm release. This concept is further supported by the observation that treatment of the Sertoli cell epithelium with either TNFα or TGFβ3 led to a redistribution of drebrin E. This in turn affected the proper distribution of F-actin filaments in Sertoli cells. Since cytokines (e.g., TNFα, TGFβ3) produced by Sertoli and/or germ cells within the BTB microenvironment 1, 33, 58 at stage VIII, while capable of reducing the drebrin E steady-state level (see Fig. 4 ), can enhance the interaction between drebrin E and Arp3 (see Fig. 5 ), thereby increasing the presence of the Arp2/3 complex at the BTB. This would cause truncation and disruption of actin filament bundles via its effects on actin branching (see Figs. 6 and 7) , providing a favorable environment for endocytic vesicle-mediated endocytosis. The net result of these cellular events would destabilize junctions at the BTB and facilitate the transit of preleptotene spermatocytes.
Crosstalk of drebrin with other actin regulators at the apical ES. In neuronal cells, various studies have demonstrated the role of drebrin in F-actin reorganization. 26, 32 Drebrin is associated defragmented F-actin configuration found in Sertoli cell cytosol as illustrated in Figure 6 , and also for the formation of the branched F-actin network at the cell periphery (see red arrowheads in Figure 6 vs. 7).
Discussion
Drebrin E in regulating junction dynamics during spermatogenesis. Drebrin has been implicated in the regulation of cell adhesion since it was demonstrated to stabilize connexin 43 (Cx43)-containing GJ plaques, possibly serving as an adaptor of the actin cytoskeleton 49 by recruiting or modulating the activity of other actin regulatory proteins, such as Esp8 and the Arp2/3 complex, which confer actin filament bundling and branching, respectively. 15, [50] [51] [52] [53] Cx43 was shown recently to be involved in junction restructuring at the BTB, particularly in the reassembly of the TJ-barrier following its disruption, 38, 54 which occurs during the transit of preleptotene spermatocytes at stage VIII of the epithelial cycle. Thus, it was tempting to speculate that drebrin E is participating in these events by recruiting actin regulatory proteins, such as Arp3 to the apical and/or the basal ES since Arp3 was shown to be a binding partner of drebrin E as demonstrated herein. Furthermore, based on the stage-specific expression pattern of drebrin E and its restricted temporal and spatial expression in the seminiferous epithelium during the seminiferous epithelial cycle, drebrin E may be involved in the restructuring of the apical and basal ES via its protein recruitment capability. For instance, drebrin E expression was highest at the concave side of the elongating spermatid head at stages VI-VII, which is the site formerly known as the tubulobulbar complex to be formed at stage VIII of the epithelial cycle. 55 Recent studies have shown this site to be the apical ES where endocytic vesicle-mediated protein trafficking events begins at late stage VII of the epithelial cycle 56 so that "old" apical ES proteins (e.g., N-cadherin, nectins, JAM-A) can be endocytosed, transcytosed and recycled for assembly of the "new" apical ES that arises during spermiogenesis at the interface of Sertoli cell and step 8 spermatid. 1, 33, 53 These events are also necessary to confer spermatid polarity so that the heads of developing spermatids can point toward the basement membrane Figure 3 (See opposite page) . Apical eS disruption induced by adjudin is accompanied by a considerable reduction of drebrin e at the apical eS, but not at the BtB. (A) By immunoblotting, following adjudin treatment in adult rats (50 mg/kg b.w., one dose, by gavage) to induce premature loss of germ cells, a decline in the steady-state level of drebrin e was detected in the testis, beginning from 1 d (day) post-treatment and almost non-detectable by 4 d when virtually all elongating/elongated spermatids were depleted from the epithelium. Actin served as loading control against which the drebrin e was normalized. Histogram is shown on the right part which summarized immunoblotting data shown on the left part with each bar = mean ± SD from n = 3 rats. the steady-state level of drebrin e in control rats was arbitrarily set at 1. *p < 0.05; **p < 0.01. n.d., not detectable. (B) In the control testis, drebrin e (red fluorescence) was detected at the concave side of elongating/elongated spermatid heads in stage VI and VII tubules, but F-actin (green fluorescence) was found surrounding the entire apical eS. Cell nuclei (blue) were visualized by DApI staining. At about 7 h (hour) post-adjudin treatment when premature loss of elongating/elongated spermatids began to occur, a lowered and also truncated protein expression of drebrin e and F-actin were detected at the apical eS in non-stage VIII tubules when examined by immunofluorescence microscopy in which the staining of drebrin e and actin appeared to be "broken" and "defragmented." Furthermore, many elongating spermatids in adjudin-treated rats were found to be mis-oriented with their heads no longer pointing toward the basement membrane (see "white" arrowheads). In these mis-oriented elongating spermatids, drebrin e was also found to be mis-localized, which was no longer restricted to the concave side of the spermatid head; instead, it was found on the convex side of the spermatid head (see "yellow" arrowheads), perhaps binding to the Arp2/3 complex to induce protein nucleation and to cause disruption of actin filament bundles, thereby causing actin branching. the net result of these changes induces "premature" apical eS disruption, thereby leading to germ cell depletion from the seminiferous epithelium. While the level of expression of drebrin e and F-actin at the basal eS at the BtB in stage VI and VII tubules by 7 h after adjudin treatment remained relatively similar to control (normal) rats, the drebrin e level was found to be enhanced considerably in stage VII in adjudin treated rats vs. control. Bar = 100 μm, which also applies to all other micrographs.
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the F-actin network by its competitive binding with other actin depolymerizing proteins and/or factors, such as α-actinin, fascin and tropomyosin. 32 Lowered drebrin level and a disrupted actin network were observed in brains during Alzheimer disease. 59, 60 The loss of drebrin in dendritic spines due to reduced PAK (p21-activated kinase, which is also a component of the β1-integrin-based protein complex at the apical ES 41,60a ) was shown to lead to an increase in cofilin (an actin severing protein) binding to F-actin, and thus a disrupted F-actin network. 60 Thus, the considerably reduced drebrin E expression at the apical ES at the concave side of the spermatid heads at stage VIII of the epithelial cycle may promote the binding of F-actin depolymerizing factor(s) (e.g., cofilin) to F-actin and facilitate the necessary actin with changes in cell shape and actin plasticity. It was reported that the magnitude of changes in cell shape correlated with the level of drebrin overexpression. 26 This thus suggests interaction of drebrin with other proteins during F-actin reorganization. The high level of drebrin E expression at the concave side of elongating spermatids at stage VII may thus be necessary for F-actin remodeling, such as by recruiting other actin regulatory proteins to the site to facilitate sperm release at stage VIII of the epithelial cycle. Similarly, the elevated expression of drebrin E at the BTB at stages V and VI may also be needed to prepare for the transit of preleptotene spermatocytes across the barrier at stages VII and VIII of the epithelial cycle. Drebrin E, with its F-actin binding property and ADF-H domain, was suggested to regulate 6 cells/cm 2 for 4 d on Matrigel-coated coverslips and stained for drebrin e (red fluorescence), drebrin e localized to the cytoplasm, as well as to the plasma membrane near the cell surface. Drebrin e, an actin regulator, also co-localized with F-actin (green fluorescence) but mostly at or near the cell surface (see inset below each micrograph, which is a magnified view of the area enclosed within the "broken-line" rectangle). Bar = 40 μm in the top micrograph, which also applies to the other micrographs; bar in inset = 15 μm in the top micrograph, which also applies to the other insets. (B and C) Sertoli cells were cultured at 0.5 x 10 6 cells/cm 2 on Matrigel-coated dishes for 4 d, forming an intact epithelium with an established tJ permeability barrier and ultrastructural features corresponding to tJs, basal eS, GJs and desmosomes, mimicking the Sertoli cell BtB in vivo. 41, 42 on day 4, Sertoli cells were treated with either tNFα (10 ng/ml) or tGFβ3 (3 ng/ml) vs. controls (no treatment) and cultures were terminated at 4 h (hr), 8-10 h and 1 d (day) thereafter. previous studies have shown that these cytokines induced junction restructuring at the BtB, disrupting the Sertoli cell tJ-permeability barrier. 46, 47, 78 A transient but statistically significant decline in the steady-state protein level of drebrin e was detected at 4 h to 8-10 h after tNFα or tGFβ3 treatment vs. the control. However, this decline in drebrin e level returned to its basal level by 24 h post-treatment. While Arp3 was shown to be a binding partner of drebrin e (see Fig. 5 ), the steady-state of Arp3 remained altered throughout the entire experimental period following treatment with cytokine vs. the control (B). Actin served as the protein loading control against which scanned data of drebrin e were normalized. the immunoblotting data shown in (B) illustrate changes in the protein level of drebrin e following cytokine treatment after images were densitometrically scanned using Multi Gauge software and shown in the histogram depicted in (C). Scanned data of Arp3 normalized against actin following cytokine treatment vs control were not shown in (C) because no significant changes were detected. each bar = mean ± SD from six different culture experiments using different batches of Sertoli cells. 8-10 h indicates cultures were terminated at either 8 (n = 3) or 10 (n = 3) H after treatment with cytokine. the steady-state level of drebrin e at 0 h was arbitrarily set at 1. *p < 0.05.
bundles at the basal ES and perhaps the apical ES as well, to regulate the integrity of the ES during the epithelial cycle. It is likely that this event is tightly associated with the restricted temporal and spatial expression of Eps8 and Arp3 (and possibly other actin regulatory proteins). Indeed, following treatment of the Sertoli cell epithelium with cytokine, there was a significant increase in the association of drebrin E and Arp3, and Arp3 is known to induce F-actin nucleation, 15 causing the formation of a branched actin network from actin filament bundles, thereby destabilizing the BTB. Thus, while there is an overall decline in drebrin E at the BTB, significantly more Arp3 can be "recruited" to this site to elicit actin network branching, conferring cell plasticity to facilitate the transit of preleptotene spermatocytes across the barrier. This possibility, however, will need to be confirmed in future functional studies, such as by using RNAi to knockdown drebrin E to examine its impact on Sertoli cell barrier function and to assess changes in the distribution of Arp3, Eps8 and other BTB proteins. Nonetheless, we have demonstrated that treatment of Sertoli cells having a functional tight junction barrier that mimics the BTB in vivo by cytokine, either TNFα or TGFβ3, can affect the distribution of Arp3 and drebrin E (even though the steady-state level of Arp3 in these cultures was not altered), moving these proteins from the Sertoli-Sertoli cell interface and into the cell cytosol. Thus, this affects the F-actin configuration, causing truncation of the actin network in the cell cytosol and also the formation of a branched actin network at the cell periphery. In short, following treatment of the Sertoli cell epithelium reorganization for sperm release at spermiation. This possibility was also supported by the findings reported herein regarding the similar stage-specific, cellular localization and co-localization, and highly restricted temporal and spatial expression of drebrin E vs. Eps8 19 and Arp3 20 in the seminiferous epithelium. It is possible that drebrin E recruits actin regulators to the apical ES to initiate the cascade of events leading to the disorganization of actin filament bundles at the basal and apical ES which begins at stage VII, thereby allowing sperm release to occur at stage VIII of the epithelial cycle. This possibility is indeed supported by our findings which show Arp3 to bind drebrin E at the Sertoli cell BTB.
Cytokine treatment affects drebrin E expression and Arp3 distribution in the Sertoli cell epithelium. Cytokines, such as TGFβ3, TNFα and IL-1α, are known to regulate cell adhesion at the BTB 48, [61] [62] [63] by facilitating endocytic vesicle-mediated protein trafficking events. 43, 44, 64 Even though drebrin E per se was not highly expressed at the BTB during restructuring of the immunological barrier at stage VIII of the epithelial cycle (but only at stages V and VI of the cycle as shown herein) when transit of preleptotene spermatocytes at the BTB occurs, 14, 65, 66 the steadystate level of drebrin E was shown to be regulated by cytokines. Also, cytokines are known to be produced stage-specifically by Sertoli and/or germ cells in the seminiferous epithelium during the epithelial cycle. [67] [68] [69] Thus, the localized production of cytokines within the microenvironment of the BTB can regulate the level of drebrin E to fine tune the homeostasis of actin filament 6 cells/cm 2 for 4 d to allow the formation of a functional tJ-permeability barrier with ultrastructural features corresponding to tJs, basal eS, GJs and desmosomes when examined by electron microscopy. 41, 42, 76 thereafter, lysates were obtained by using Ip lysis buffer and about 250 μg protein from each sample was used for Co-Ip. the column on the left is positive control using Sertoli cell lysates (25 μg protein) per lane alone without Co-Ip. Negative control (-ve Ctrl) was prepared using normal rabbit IgG instead of the anti-drebrin e IgG for Co-Ip. It was found that drebrin e associated with Apr3, but not eps8, β-catenin, occludin, FAK or Src family kinases as demonstrated in this representative experiment which was repeated three times using lysates from different batches of Sertoli cell cultures. (B and C) this Co-Ip experiment was performed using samples similar to those shown in Figure 4B . In brief, Sertoli cells cultured forby the Rockefeller University Institutional Animal Care and Use Committee with Protocol Number 09016.
Chemicals and antibodies. All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise specified. Antibodies used for different experiments (such as immunoblotting and dual-labeled immunofluorescence analysis) were obtained from different vendors, and their working dilutions are listed in Table 1 .
Adjudin treatment to induce anchoring junction restructuring in the testis. Adult Sprague-Dawley rats (~250-300 g body weight) received a single oral dose of adjudin (50 mg/kg body weight) as detailed elsewhere. 34, 39 This treatment is known to induce restructuring of junctions in the seminiferous epithelium, mostly notably the apical ES which is then followed by the desmosome and gap junction. 3, 34, 36, 37 When virtually all germ cells (except spermatogonial stem cells and spermatogonia) are depleted from the seminiferous epithelium, restructuring also occurs at the basal ES at the BTB. 40 Untreated rats served as the control. Primary Sertoli cell cultures and cytokine treatment. Sertoli cells were isolated from testes of 20-d-old Sprague-Dawley rats as earlier described. 72 By 20 d of age, these Sertoli cells were differentiated and had ceased to divide. Moreover, they displayed morphological and functional properties indistinguishable from Sertoli cells isolated from adult rat testes using the BSA gradient method as detailed elsewhere. 47, 73 Freshly isolated Sertoli cells were plated on Matrigel (BD Biosciences)-coated multiwell plates at 0.5 x 10 6 cells/cm 2 or on round with cytokine, drebrin E recruits Arp3 to the appropriate cellular sites to destabilize the scaffolding function of actin, which also facilitates endocytic vesicle-mediated protein endocytosis to destabilize the TJ permeability barrier. This is likely what is occurring at stage VIII of the epithelial cycle when barrier function needs to be destabilized to facilitate the transit of preleptotene spermatocytes.
Materials and Methods
Animals. Sprague-Dawley rats were purchased from Charles River Laboratories (Kingston, NY) and housed at the Comparative Bioscience Center of the Rockefeller University. All rats were housed with a light:dark cycle of 12 hr:12 hr with free access to standard chow and water at 22 ± 1°C. The use of animals for all of the experiments reported herein was approved Figure 6 . A study by dual-labeled immunofluorescence analysis to assess the effects of cytokines on the actin filament cytoskeleton and the distribution of drebrin e in Sertoli cells. Sertoli cells were cultured at 0.0125 x 10 6 cells/cm 2 on Matrigel-coated coverslips in F12/DMeM for 4 d at 35°C with 5% Co 2 /95% air (v/v) in a humidified atmosphere prior to treatment. this cell density was selected to ensure that Sertoli cell nuclei would be evenly distributed and changes in drebrin e (red fluorescence) and F-actin (green fluorescence) filament distribution at the Sertoli-Sertoli cell interface and cell cytosol would be readily visible. Also, at this cell density, ultrastructures of tJ, basal eS, desmosome, and GJ were detected at the Sertoli-Sertoli cell interface under electron microscopy, illustrating functional junctions were established in these cell epithelia as detailed elsewhere. 38, 54, 77 It was noted that in the control Sertoli cells, F-actin formed an extensive network of filaments, which was used to maintain proper cell shape. Drebrin e was detected at the Sertoli-Sertoli cell interface (see "yellow" arrowheads in middle column) and in the cell cytosol. Co-localization of drebrin e was detected in the cell cytosol, surrounding the cell nucleus, as well as at the cell-cell interface. these findings are also consistent with findings shown in Figure  4A . However, following treatment of Sertoli cells with either tNFα or tGFβ3 for 4 h (hr), actin filaments were found to become truncated and appeared defragmented with some actin filaments being disrupted (see "white" arrowheads). Additionally, actin filaments at the cell-cell interface appeared to move away from the cell-cell interface, forming actin bundles at the cell periphery (see "red" arrowheads) after treatment of the Sertoli cell epithelium with cytokines for 1D (day). Also, drebrin e no longer co-localized with F-actin at the cell-cell interface (see merged images in both treatment groups vs. control group) and drebrin e was localized mostly in Sertoli cell cytosol. Sertoli cell nuclei were visualized by DApI staining (blue). these micrographs are representative findings from one experiment, but this experiment was repeated three times using different batches of Sertoli cells, which yielded similar results. Bar = 30 μm, which applies to all micrographs.
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M NaCl, 1% NP-40 (v/v) and 10% glycerol (v/v), pH 7.4 at 22°C supplemented with protease and phosphatase inhibitor cocktails (Sigma-Aldrich) which were added at 1:100 immediately before its use]. About 250 μg protein was used from each sample for Co-IP which was performed as detailed elsewhere. 38, 77 All samples within a given Co-IP experiment were processed simultaneously in an experimental session to avoid inter-experimental variations.
Immunohistochemistry. Immunohistochemistry was performed essentially as earlier described, 77 with minor modifications using frozen cross-sections of testes obtained with a cryostat at -20°C (~7-μm), collected on poly-L-lysine coated microscope slides (Polysciences, Warrington, PA) and fixed in Bouin's fixative (Polysciences). All treatment vs. control groups from a single experimental set were processed simultaneously and all crosssections were collected on a minimal number of slides to avoid coverglasses at 0.005 x 10 6 cells/cm 2 or 0.0125 x 10 6 cells/cm 2 . Cells were cultured in serum-free DMEM/F12 containing 10 μg/ml bovine insulin, 5 μg/ml transferrin (Calbiochem/ EMD Chemicals), 2.5 ng/ml epidermal growth factor and 5 μg/ml bacitracin at 35°C in a humidified atmosphere of 5% CO 2 /95% air (v/v) as earlier described. 74 Cells were hypotonically treated with 20 mM Tris (Invitrogen) (pH 7.4 at 22°C) on day 2 to lyse residual germ cells. 75 Sertoli cell purity in these cultures was >98% with negligible contamination of germ (e.g., spermatogonia and spermatocytes), peritubular myoid and Leydig cells, as earlier characterized by RT-PCR and immunoblotting using specific primer pairs or antibodies against corresponding marker genes/proteins and electron microscopy. 41, 42, 76 It should be noted that by ~day 2-3 these cells formed an intact epithelium and established a functional Sertoli cell TJ-permeability barrier when quantified by transepithelial electrical resistance (TER) across the cell epithelium. Ultrastructural characteristics typical of TJs, basal ES, desmosomes and GJs were also noted when Sertoli cells were examined by electron microscopy, mimicking the Sertoli cell BTB in vivo. On day 5, Sertoli cells were treated with 10 ng/ml recombinant rat TNFα or 3 ng/ml recombinant human TGFβ3 (R&D Systems) to assess the drebrin E level. These concentrations of cytokines were selected based on earlier studies from this laboratory. 44, [46] [47] [48] Immunoblot analysis. Protein lysates were prepared in Nonidet-P40 (NP40) lysis buffer [50 mM Tris (Invitrogen), 0.15 M NaCl, 10% glycerol (v/v), 1% NP40 alternative (v/v, Calbiochem), 2 mM EGTA, pH 8 at 22°C] freshly supplemented with protease and phosphatase inhibitor cocktails as earlier described. 76 Each sample was sonicated on ice for 10 sec twice using a Cole Palmer Model 4710 sonicator and then kept on ice for an additional 10 min with occasional vortexing to facilitate solubilization. After centrifugation at 15,000 g for 15 min, supernatants were collected. Protein concentration was estimated using the D C protein assay kit (Bio-Rad Laboratories) and a BioRad Model 680 spectrophotometer. Antibodies used for detection of proteins by immunoblotting are listed in Table 1 . Cytoskeletal proteins, namely actin and/or vimentin, served as protein loading controls. Chemiluminescent images were captured with a Fujifilm LAS-4000 mini luminescent image analyzer. Densitometry of non-saturated immunoblot images was analyzed with Multi Gauge software (Version 3.0, Fujifilm). In selected experiments, scanned image data obtained by Multi Gauge were reassessed and verified by Scion Image (Version 4.03, Scion Corp.).
Co-immunoprecipitation. Co-immunoprecipitation (Co-IP) was used to identify the binding partner(s) of drebrin E. Co-IP was performed essentially as earlier described, 77 using Sertoli cell lysates where cells (0.5 x 10 6 cells/cm 2 ) were cultured alone for 4 d with a hypotonic treatment performed ~36-h after cell plating to lyse residual germ cells. By day 4, these cultures were found to have a functional TJ permeability barrier when assessed by TER measurements across the cell epithelium. 54 Ultrastructural features corresponding to TJs, basal ES, GJs and desmosomes were also visualized by electron microscopy as described. 41 Sertoli cell lysates were obtained by using IP lysis buffer [10 mM Tris, 0.15 Figures  4 and 6 , drebrin e (red fluorescence) was found at the Sertoli-Sertoli cell interface and in the cell cytosol, similar to Arp3 (green fluorescence) and some co-localization (see orange-yellow fluorescence in merged images) was found between Arp3 and drebrin e (see yellow arrowheads at the cell-cell interface), consistent with Co-Ip data (Fig. 4) . After cytokine treatment, drebrin e was found to undergo re-distribution, moving closer to cell nuclei and Arp3 also displayed a similar pattern of protein redistribution. Additionally, an increase in the co-localization of drebrin e and Arp3 was detected (see red arrowheads), consistent with findings of Figure 4 which showed that an increase in protein-protein interactions between Arp3 and drebrin e was detected by 4 H following either tNFα or tGFβ3 treatment using the technique of Co-Ip. Sertoli cell nuclei were visualized by DApI staining (blue). Bar = 20 μm, which also applies to all other micrographs.
elsewhere. 76 The establishment of a functional TJ-permeability barrier in the Sertoli cell epithelium was assessed by TER across the cell epithelium by culturing Sertoli cells on bicameral units as described. 38, 54, 76 GB-STAT statistical analysis software (Version 7.0, Dynamic Microsystems) was used for statistical analyses. Each experiment was repeated at least 3 times. Statistical significance was analyzed with one-way analysis of variance (ANOVA), which was followed by the Tukey/Kramer post-hoc test. Values represent mean ± SD of n = 3-5 using different rats or different batches of Sertoli cell cultures. All experiments were performed 3-5 times to obtain enough replicates for meaningful statistical analysis, excluding pilot experiments which assessed and optimized different experimental conditions.
Concluding Remarks and Summary
In this study, the role of drebrin E in junction dynamics during spermatogenesis was examined. Drebrin E was found to display a restricted temporal and spatial expression pattern in the seminiferous epithelium, closely mimicking the localization of Arp3 20 and Eps8, 19 such as its enhanced expression at the concave side of elongating spermatids at the apical ES at stages VI-VII of the epithelial cycle, possibly for the recruitment of other actin regulators (e.g., Arp3) to prepare for F-actin restructuring at stage VIII. The significant decline in drebrin E at the ES at stage VIII also allows the binding of actin depolymerizing factors (e.g., tropomyosin, cofilin) to F-actin to induce "debundling" of actin filaments at both the apical ES and basal ES to facilitate spermiation and BTB restructuring, respectively. We have also shown that Arp3 is a binding partner of drebrin E and that cytokine-induced BTB disruption may be mediated via its effects on drebrin E expression and distribution at the Sertoli cell BTB in the seminiferous epithelium. Future studies should include the identification of other binding partners of drebrin E, such as palladin which is a known actin bundling protein. inter-experimental variations. Endogenous peroxidase activity was quenched with 3% hydrogen peroxide (v/v) in methanol and cross-sections were permeabilized with 0.1% Triton-X100 (v/v) in PBS (10 mM sodium phosphate, 0.15 M NaCl, pH 7.4 at 22°C). After an overnight incubation with the anti-drebrin E antibody (see Table 1 ) or normal rabbit IgG (negative control) at room temperature, sections were incubated with a HRP (horseradish peroxidase) polymer conjugate that was specific for rabbit (and also mouse, guinea pig and rat) primary polyclonal antibody as instructed by the manufacturer's protocol in the SuperPicTure TM polymer detection kit (Invitrogen). Drebrin E immunoreactivity was visualized with 3-amino-9-ethylcarbazole (AEC, produced a reddish-brown precipitate). Thereafter, sections were post-stained with hematoxylin and slides were mounted with Clearmount TM mounting solution (Zymed Lab/Invitrogen). Micrographs were acquired with an Olympus DP71 digital camera (with a resolution of 12.5 Mpx) attached to an Olympus BX61 fluorescent microscope.
Immunofluorescence microscopy and dual-labeled immunofluorescence analysis. Fluorescence microscopy was performed utilizing cross-sections of frozen testes (obtained with a cryostat at -20°C) or cultured Sertoli cells. Testis cross-sections (7 μm) and cultured Sertoli cells (day 4 to 5 in vitro) were fixed with 4% paraformaldehyde (w/v) in PBS and permeabilized with 0.1% Triton X-100 (v/v) in PBS. Primary antibodies (see Table 1 ) were diluted at 1:100 in 1% bovine serum albumin (w/v, BSA) or normal goat serum (v/v, NGS) in PBS. Samples were incubated in primary antibody at room temperature overnight (see Table 1 ). After washing, samples were incubated for 30 min with secondary antibodies (see Table 1 ), which were diluted at 1:300 in 1% BSA or 10% NGS. For F-actin staining, samples were incubated for 30 min with phalloidin-FITC (6.6 μM), which was diluted at 1:200 in 1% BSA. After an additional washing step, samples were mounted with ProLong Gold Antifade solution with DAPI (4',6-diamidino-2-phenylindole, to visualize cell nuclei) (Invitrogen) and stored at 4°C. Fluorescent images were acquired by using an Olympus BX61 fluorescent microscope equipped with an Olympus DP71 digital camera and an HP xw8400 Workstation running MicroSuite Five imaging software (Olympus). Fluorescent images were overlaid using Adobe PhotoShop CS3 software for co-localization analysis.
General methods and statistical analyses. Electron microscopy was performed at the Rockefeller University Bio-Imaging Resource Center to confirm the presence of ultrastructures of TJ, GJ and desmosome in Sertoli cell cultures as detailed
